We explore the Higgs mass spectrum in a class of Two Higgs Doublet Models (2HDMs) in which a scalar SU (2) L doublet interacts only with quarks, while the second one interacts only with leptons. The spectrum includes two CP-even Higgs bosons, either of which can account for the SM-like Higgs boson, in addition light scalars (CP-even or -odd) can be accommodated. When the lightest CP-even scalar (h 1 ) is assigned to be the SM-like Higgs boson, the heavier CP-even (h 2 ) and charged Higgs bosons (H ± ) become above 600 GeV. If h 2 is required to satisfy the SM-like Higgs boson constraints, then h 1 can be lighter than 50 GeV and can count for a possible state leading to an excess in dimuon processes. Also, in case of light pseudo scalar, m A 50 GeV, an excess in dimuon invariant mass can be accommodated in this class of models through A−boson production in association with a b−jet. 
Introduction
Since it was observed in 2012 [1] , the analyses have been precisely performed on the 125 GeV Higgs boson, and they resulted in the fact that the Standard Model predictions are mostly consistent with the experimental observations. The decay modes of the Higgs boson to γγ, ZZ (ended with 4l), and W W have led to quite precise measurements of the mass and production of the Higgs boson [2] . Even though some excesses were reported [3] , the thorough analyses have shown that the SM predictions are in a good agreement with the experimental observations, especially for h → γγ and h → 4l decay channels [4] .
The richness in the decay modes of the Higgs boson allows to combine the results and lead to the possible highest precision in analyses [5] . Apart from the uncertainties [6] , some deviations are also reported from analyses such as Higgs boson production in association with W or Z boson and h → bb measurements [7] . While the analyses can severely constrain, such deviations can provide a window for new physics (NP). Besides, these analyses are also performed for the mass scales other than 125 GeV [8] in order to probe the probability for the existence of extra Higgs bosons, whose observations would be interpreted as a direct signal for NP, and could probe the models beyond the SM. For instance, recent analyses have reported an excess at about 28 GeV in the mass spectrum of the muon pairs detected in the collider experiments [9] .
A similar excess at about 30 GeV was indicated also by the ALEPH data, which was revealed in the analyses of Z → bbµ + µ − [10] . One can relate the results from these analyses to the recent ones represented in [9] , since the state leading to the excess is in association with b−jets. This excess can be provided by either a scalar or vector boson [11] , but in any case it requires a new state, which is not included in the SM. If the excess is caused by a neutral scalar state, such a state can be accommodated in the models which have at least two Higgs doublets. In this context the most economical way is to extend the SM by one more Higgs doublet, which forms the class of Two Higgs Doublet Models (2HDMs). Adding one additional Higgs doublet enriches the Higgs sector such that the spectrum involves two CP-even Higgs bosons, a CP-odd Higgs boson and two charged Higgs bosons [12] . Even though the most studies assign the lightest CP-even Higgs boson to the SM-like Higgs boson, in principal, the heaviest CP-even Higgs boson can be treated as the SM-like Higgs boson as well. One of the salient features of 2HDMs is that one can realize light CP-odd Higgs boson consistent with the current experimental results [13, 14] .
In this context, if a CP-odd Higgs boson can be realized as light as about 30 GeV, it can be also a viable candidate for the state which leads to the excess in the mass of the muon pair. However, a problem with the light scalar states can arise from the rare B−meson decays such as B s → µ + µ − and B s → X s γ, where X s denotes a meson with a strange quark. These processes receive contributions from the scalar states [15] , and the agreement between the SM predictions [16] and the experimental measurements [17] yields a strong impact on the low scale predictions.
In our study, we assume the dimuon excess arises from the presence of a scalar state. We explore the mass spectrum of the Higgs boson in a class of 2HDMs, in which the Higgs doublets distinguish the leptons such that one of them interacts only with leptons, while the other does not at tree-level. This class of models is called Lepton Specific 2HDM (LS-2HDM), and it can be realized by imposing a Z 2 symmetry as well as CP conservation. Several Z 2 symmetries can be necessary in 2HDM to restrict the Yukawa interactions in order to prevent flavor changing neutral currents [18] . The paper is organized as follows. In Section 2 we first briefly describe the LS-2HDM and its Higgs sector. Our results for the Higgs mass spectrum consistent with several experimental constraints are Section 3. In Section 4, we consider a case in which the CPodd Higgs boson of mass about 28 GeV can yield an excess in dimuon mass distribution, while we also consider the possibility for a CP-even Higgs boson leading to excess in Section ??. In these sections, we consider possible signal processes in which a light Higgs boson is produced in association with bb, follow a similar analysis represented in [9] . Finally we conclude in Section 5.
Lepton Specific 2HDM
Even though the SM has only one Higgs doublet, its symmetrical structure does not prevent to have more Higgs doublets in its content. In spite of its great success, there are still theoretical and experimental motivations to extend its scalar sector such as spontaneous CP-violation [19] , the CP violation in the strong sector [20] , baryogenesis [21] etc. In addition, the models with two Higgs doublets can accommodate light Higgs bosons in the mass spectrum. In this case, one of the strongest impact may come from the rare B−meson decays. The process B s → µ + µ − receives contributions from the CP-odd Higgs boson (A) exchange, which is, in general, proportional to (tan β)
6 /m 4 A [22] . A light A−boson can overcontribute to this process and it can spoil the quite good agreement between the SM [23] and the experimental measurements [17] . If the charged Higgs boson is realized nearly degenerate to A−boson, then also the process B s → X s γ predictions become problematic. However, despite strong impacts from these processes, it might still be possible to realize light Higgs bosons in the spectrum.
The rich vacuum structure of 2HDMs also allows to accommodate some implications such as lepton flavor violation or flavor changing neutral currents. The severe constraints on the tree-level lepton flavor violation strongly restricts the Yukawa couplings between the charged leptons and the Higgs bosons. In addition, the absence of the flavor changing neutral currents can be satisfied by imposing a Z 2 symmetry,and different Z 2 symmetries lead to different types of 2HDMs. We choose to impose a Z 2 symmetry such that Φ 1 → −Φ 1 , Φ 2 → Φ 2 and e R → −e R is applied to the scalar potential and Yukawa Lagrangian in the 2HDM framework, where Φ i are the scalar fields, while e R denotes the right-handed charged lepton. Assuming all other fields are even under this Z 2 symmetry leads to a Yukawa Lagrangian such that quarks interact only with Φ 2 , while leptons have a vertex only with Φ 1 as follows:
where Q and L stand for the left-handed quark and lepton doublets, while u R , d R and e R are the right-handed SU (2) singlet quark and lepton fields respectively. This class of THDM models refer to LS-2HDM. We have suppressed the family indices for simplicity,
cos α/ sin β cos α/ sin β − sin α/ cos β sin α/ sin β sin α/ sin β cos α/ cos β cot β − cot β tan β Table 1 : Effective Yukawa couplings between the quarks, leptons and the Higgs bosons.
In the LS-2HDM framework, if the light Higgs bosons are formed mostly by the fields in Φ 1 , then their interactions with the quarks become proportional to cot β, and their contributions are suppressed, if tan β is large. If the ligthest CP-even Higgs boson is required to be the SM-like Higgs boson, then the consistent solutions yield the SM-like Higgs boson mostly formed by Φ 2 . This is because the top quark receives its large tree-level mass from vacuum expectation values (VEVs) of the fields in Φ 2 , and the relevant Yukawa couplings cannot compensate small VEVs in Φ 2 due to the perturbativity condition. Thus, one can conclude that consistent solutions are more likely yield the SM-like Higgs boson mostly formed by the fields of Φ 2 doublet. In this case, A−boson couples to the matter fields inversely proportional to tan β ≡ v 2 /v 1 , where v 1,2 are the VEVs of Φ 1,2 . Table 1 summarizes the couplings of the Higgs bosons to the matter fields.
Imposing CP-conservation, the invariance under the Z 2 symmetry significantly simplifies the most general Higgs potential. However, the perturbativity constraint on the scalar potential requires a soft term which breaks Z 2 [24] . In this context, the scalar potential can be given as
where m 1,2,3 are the mass terms for the Higgs doublets, and λ i stand for the couplings between the Higgs fields. In writing the scalar potential above we follow the general notation in [25] , where λ 4, 6, 7, 8, 9, 10 are required to be zero by the invariance under the charge conjugation, and Z 2 symmetry mentioned in the beginning of this section. Note that the term with m 3 softly breaks the Z 2 symmetry as well as mixing the Higgs fields together with λ 3 and λ 5 . The physical spectrum, as is well known, includes two CP-even and one CP-odd neutral Higgs bosons, as well as two charged Higgs bosons. These physical states can be obtained by rotating the mixing parameters away by field redefinitions. Defining
, the tree-level mass-squared matrix for the CP-even Higgs fields can be obtained as follows:
Note that m 2 1,2 are eliminated by using the tadpole equations. The tree-level masses of the physical CP-even neutral Higgs bosons are simply the eigenvalues of the mass squared matrix given in Eq.(3). Instead of writing down the Higgs boson masses in terms of the scalar potential parameters, one can relate the Higgs boson masses to each other by choosing one the Higgs boson mass, say the CP-odd Higgs boson mass m A , which is obtained at tree-level, which is
and using its mass expression the other Higgs boson masses can be written as follows [24] :
where h (4) . On the other hand, our discussion over the masses and mixing in the Higgs sector is based on the tree-level masses. However, the loop contributions must count in the mass calculations, since those, especially from the third family matter fields, can significantly contribute to tree-level masses of the Higgs bosons. In this case, the the tension from the SM-like Higgs boson constraints can be loosen. Indeed, a recent study [14] has shown that light Higgs bosons can be accommodated in the spectrum consistent with the current experimental results, and A−boson can be realized as light as about 50 GeV. However, the suppression in the coupling between A−boson and the quarks will also yield a suppression in the A−boson production in the colliders. In this context, realizing consistently light A−boson does not mean easy detection in the experiments. A similar discussion can be followed for the charged Higgs boson (H ± ) under the constraints from the B s → X s γ process. However, LEPII results have model independently excluded the presence of any charged state lighter than about 80 GeV [26] . In this context, we will focus on the mass spectrum and the production rates of the light Higgs bosons, and we refer to Ref. [25] , for more detailed reviews and other salient features of 2HDMs.
Higgs Mass Spectrum and Production at LHC
We display our results for the mass spectrum of the Higgs bosons, which are calculated by varying m 3 , tan β and λ i (i = 1, 2, 3, 5) defined in Eq. (2) . Note that m 2 1 and m 2 2 are calculated by minimalizing the scalar potential. In generating the mass spectrum we use SPheno-4.0.3 package [27, 28] generated with SARAH 4.13.0 [29, 30] . Scanning over these parameters, we allow only solutions which are consistent with the electroweak symmetry breaking (v
, where v SM is the VEV of the SM Higgs boson.), and the observed fermion masses. After collecting the data we successively apply the constraints from the Higgs boson masses and the rare B−meson decays as follows:
where m h i stand for the CP-even Higgs bosons with i = 1, 2. As mentioned before, in spite of being light, these Higgs bosons may not abundantly be produced in the collider experiments due to their couplings to quarks, which is inversely proportional to tan β. The top panels of Figure 2 display the production of the CP-odd Higgs boson in correlation with its mass, when the lightest CP-even Higgs boson is assigned to be the SM-like. In the current LHC experiments with 14 TeV center of mass (COM) energy, σ(pp → A) can be as high as about 700 pb if its mass is of order about 10 GeV, and the cross-section reduces to about 400 pb when m A ∼ 30 GeV. One can expect its production cross-section to be quite high (∼ 5000 pb) in the Future Circular Collider (FCC) experiments with 100 TeV COM energy, as seen from the top-right panel of Figure Figure 2 : Top panels represent the CP-odd Higgs boson production in a correlation with its mass at the LHC (left) and FCC (right) experiments. Bottom panels display the approximate cross-section for the pp → A → µµ in correlation with its mass at the LHC (left) and FCC (right) experiments. The color coding is the same as in Figure 1 .
If one follows the following approximation
1 for the cross-section of entire process
the results are found as represented in the bottom panels of Figure 2 . At the current LHC experiment, the signal can be expected at about 1.5 pb, while FCC experiments can detect this process at about 10 pb. In principal, one can also consider the solutions in which the heaviest CP-even Higgs boson (h 2 ) is required to satisfy the SM-like Higgs boson properties. In this case, h 1 is allowed to be much lighter unless the experimental constraints are not violated. Figure 3 represents the mass spectrum for such cases. As is seen from the m A −m h 2 plane, A−boson is mostly heavier than about 150 GeV, even though it can also be realized at about 30 GeV consistently. The mass spectrum, in this case, involves the lightest CP-even Higgs boson as light as about a few GeV.
We proceed with the production of light CP-even Higgs boson shown in Figure (left) and FCC (right) experiments. The color coding is the same as in Figure 3 . As seen from the top-left panel, even in the current experiments at the LHC, its production can be realized as high as about 1000 pb when m h 1 ∼ 30 GeV, while it is expected to be about eight times larger (∼ 8000 pb) in the FCC experiments as shown in the top-right panel of Figure 4 . Thus, the signal process is also expected to be large proportionally. The bottom panels of Figure 4 shows that the current LHC experiments can probe the process at about σ(pp → h 1 → µ + µ − ) ∼ 2 pb, and it can be realized at about 14 pb in the FCC experiments.
Dimuon Resonance
We have discussed the mass spectrum of the Higgs bosons in the previous section, and we have seen that it is possible to realize light Higgs bosons consistent with the experimental constraints, and the solutions yield a considerable amount of production of them. In this section, we exemplify our findings with two benchmark points given in Table 2 . The points are chosen as to yield the greatest production cross-sections when m A 28 GeV (Point 1), or m h 1 28 GeV (Point 2). All masses are given in GeV, and cross-sections in pb. Note that the electroweak symmetry breaking requires m Employing MadGraph [31] , we follow similar analyses represented in [9] , in which a light Higgs boson is produced in association with a b−jet, then it subsequently decays into a pair of muons. We first consider the signal process pp → bbA → bbµ + µ − , then we also discuss the case in which A−boson is replaced with the lightest CP-even Higgs boson, i.e. pp → bbh → bbµ + µ − . The main background is formed by the Drell-Yan, top pair production, single top quark processes. Also the the processes involving a W ± + jets or diboson priduction can be listed; however, these processes are reported rather to be negligible [9] .
Moreover, the optimization of the signal yields the following cuts on the signal and background processes: We show the comparison of LS-THDM and SM in Figure 5 for Point 1 (left) and Point 2 (right). Magenta curve represents the total SM background, while blue displays the LS-THDM prediction without light Higgs bosons. The signal is depicted by the red curve for the CP-odd (left) and CP-even (right) Higgs bosons. The total SM backgrounds (magenta) is obtained by summing over the relevant background processes mentioned above. The same processes are calculated in the LS-THDM framework (blue), and is seen from the both panels of Figure 5 , the LS-THDM predictions mostly overlap with the SM, when the contributions from the Higgs bosons are left out. In this context, if a light A−boson can be accommodated in the spectrum, then its decay into a muon pair can be account for the excess in the observed invariant mass of the muon pair, as is shown in the right panel of Figure 5 . Similar analyses can be performed when a CP-even Higgs boson (h 1 ) is as light as about 28 GeV depicted in Point 2. The left panel of Figure 5 shows that Point 2 also yields the similar predictions as the SM, when the h 1 → µ + µ − is not included in the dimuon processes, and the signal pp → bbh 1 → bbµ + µ − can yield an excess at about 28 GeV in the invariant mass of the muon pair.
Conclusion
We consider the Higgs boson mass spectrum in the LS-2HDM framework. When the lightest CP-even Higgs boson is required to satisfy the 125 GeV Higgs boson observations along with the constraints from the rare B−meson decays and charged Higgs boson mass, we find that h 2 can be as heavy as about 600 GeV, while the CP-odd Higgs boson can be much lighter as m A 50 GeV consistent with the experimental constraints. The parameter region with m A ∼ 30 GeV bounds h 2 mass further as m h 2 350 GeV. m h 2 is also bounded by the experimental constraints at about 150 GeV from below. One can also consider h 2 as a SM-like Higgs boson, and in this case the Higgs bosons are mostly found to be heavier than about 100 GeV, while the lightest CP-even Higgs boson can now be as light as about 28 GeV. Even though it also suppresses the production of these light Higgs bosons in collider experiments, we find σ(pp → A) 500 pb at 14 TeV when m A 30 GeV. Its production cross-section can be expected to enhance up to about 5000 pb, when FCC with 100 TeV starts operating. Under these circumstances, the approximate cross-section of A → µ + µ − process can be observed at the current LHC experiments at about rate of 1 pb, while FCC may observe it at about 10 pb. When the lightest CP-even Higgs boson is realized as light as about 28 GeV in the mass spectrum, its production can be realized much higher (σ(pp → h 1 ) 1000 pb) in comparison with the case of light A−boson. Its production rare can be expected to raise up to about 8000 pb in the experiments conducted at FCC of 100 TeV.
We display two benchmark points exemplifying our findings. Point 1 is for the case with m A ∼ 28 GeV in which h 1 is adjusted to be the SM-like Higgs boson, while Point 2 depicts a solution in which h 2 behaves to be SM-like, while m h 1 ∼ 28 GeV. In the latter case, the other Higgs bosons are realized heavier than about 100 GeV. We explore further to see if such backgrounds can be probed in the light of the excess observed in the dimuon processes with m µµ ∼ 28 GeV. If the light Higgs bosons (A−boson if h 1 is SM-like or h 1 if h 2 is SM-like) are not included, the predictions of LS-2HDM overlap with the SM background, while the contributions from the light Higgs bosons can count for the excess. We find similar results from the analyses over both cases.
